9-Oxabicyclo[3.3.1]nona-2, 6-diene (3) has been synthesized from cycloocta-1, 5-diene in two steps in an overall yield of 88%. The dihedral-angle dependence of its 1 H solution NMR data and the double signal set of its 13 C CP MAS NMR spectrum correspond to the results of the single crystal structure analysis. Reaction of 3 with N-bromosuccinimide in the presence of sodium peroxodisulfate or benzoylperoxide has led in good yield to a dibromo derivative 4, and a tribromo derivative 5, respectively. Compounds 4 and 5 feature two allylic bromine substituents, while an additional vinylic bromine atom is present in 5. According to a single crystal structure study the lattice of 4 consists of pairs of enantiomers similar to those found in the case of 3.
Introduction
The parent bicyclic ether 9-oxabicyclo[3.3.1]nona-2, 6-diene (cf. 3 in Scheme 1; for simplicity, the same atom numbering is used for both enantiomers) has been known for almost four decades [1] , and yet it attracts current interest, because it is a potential ligand of catalytically active metal complexes [2, 3] . Thus, a zirconium complex derived from 3 has been claimed to catalyze the polymerization of ethylene and the copolymerization of ethylene and 1-butene [3] . For this sort of studies and for the preparation of substituted derivatives an efficient synthesis of 3 was necessary. An effort has been made by Eaton and Millikan [4] who have reviewed early work and designed an improved synthesis, which led to a 7/1 mixture of 3 and the isomer 9-oxabicyclo[4.2.1]nona-2, 4-diene, 3'. Checking their procedure [5] showed that the overall yield of 29% starting from cycloocta-1,5-diene could not be improved. Also, attempts to replace the toxic solvent HMPT by quinoline gave 3 and 3' in a ratio of only 2/1, while N-methylpyrrolidone failed to give any bicyclic ether. Therefore, we have worked out a new procedure and thoroughly characterized the title compound. Parallel to this work [5, 6] the group of Haufe has obtained similar results [7] . As a basis for further studies, first steps towards functionalizing the allylic position of 3 gave two new bromo derivatives. 
Results and Discussion
When using cycloocta-1, 5-diene (1), as starting compound for the synthesis of 3 the key problem is to avoid the formation of any 9-oxabicyclo[4.2.1]nonane derivatives as a byproduct of the desired 9-oxabicyclo[3.3.1]nonane isomers. The best procedure is the reaction of 1 with N-iodosuccinimide with a 85% yield It turned out that the yield of 2 can be increased to 95%. Two single crystal X-ray studies [7, 9] have shown that the synthesis yields the enantiomers 2a and 2b. As has been demonstrated previously, dehydrohalogenation of 2a and 2b gives 3 in 18% and 90% yield when using KOH [10] and dicyclohexylmethylamine [11] , respectively. We have optimized the first procedure (92%), while Haufe's group [7] has applied the second one with virtually the same result (88%). It is worth noting that because of the high volatility of 3 careful control is advisable for any solvent removal.
The 1 H and 13 C NMR signal shifts of 3 in solution mostly confirmed previous reports [2, 12, 13] within the experimental error limits. This work adds proton coupling constants (Table 1 , Experimental Section), which reflect the geometry of 3 as far as threebond couplings and their dihedral angle dependence are concerned (for details see below). The 1 H NMR signals showed symmetric many-line patterns originating from couplings as small as 0.4 Hz. Small couplings are not given in Table 1 , because the assignment was ambiguous. The two multiplet components of the signal of H4/8exo (separation 17.2 Hz) are somewhat asymmetric so that the coupling constants are less precise.
In the solid-state 13 C NMR spectrum of 3 ( Fig. 1 ) signals were found at positions very close to those of the solution spectrum, which means that intermolecular π interactions must be small. The olefinic signals showed a pronounced shift anisotropy as expected [14] . Surprisingly, however, two sets of signals were found rather than one in solution. This could be due to two different molecules in the asymmetric unit or to a change from C 2 symmetry in solution to C 1 in the solid state. A single crystal X-ray study established symmetry lowering to be responsible. Two pairs of enantiomers 3a and 3b are present in the unit cell ( Fig. 2) in accordance with the centrosymmetric space group P2 1 /c. The molecules are arranged such that irregular stacks of only R, R or S, S enantiomers are formed in a and b direction of the unit cell, while along the c direction the stacks are made up from alternating enantiomers. Enantiopure samples of 3a and 3b have been prepared recently [2] , but no solid-state studies have been performed. The intermolecular olefinic C ··· C distances of 3a and 3b exceed 5.4Å, which confirms the absence of π interactions as indicated by the 13 C MAS NMR data. The molecules adopt a distorted double-chair conformation of two six-membered rings that are fused at C1, C5, and O9. This entails dihedral angles of φ (H3, C3, C4, H4exo)= 73.8 • , φ (H7, C7, C8, H8exo)= 74.6
• , φ (H3, C3, C4, H4endo)= 45.2 • , and φ (H7, C7, C8, H8endo)= 44.3 • . The dihedral angle dependence of vicinal coupling constants is well known [15, 16] chair-boat flips occur, the distorted double-chair must be more stable. The entry to 9-oxabicyclo[3.3.1]nona-2, 6-dienes which are substituted in the allylic position was achieved by Wohl-Ziegler bromination [17, 18] . As illustrated in Scheme 2, the reaction of 3 with Nbromosuccinimide (NBS) did not only lead to substitution in the allylic but also the vinylic positions. The reaction turned out to depend strongly on the radical starter. Thus, when dibenzoylperoxide was used the tribromo derivative 5 was obtained in 85% yield, while in the case of 2, 2'-azoisobutyronitrile only a tetrabromo derivative lacking double bonds was detected by GC/MS and NMR analysis. In contrast, sodium peroxodisulfate gave a 95% yield of the enantiomeric dibromo derivatives 4a and 4b. Quite notably, the reaction is stereoselective with bromine only in the exo position of 4 and 5 as established by the coupling constants 3 J(H3/7, H4/8) (5.2 to 5.6 Hz in Table 1 ) and confirmed by X-ray analysis of 4.
In the crystal exo, exo-4, 8-dibromo-9-oxabicyclo[3.3.1]nona-2, 6-diene features two pairs of enantiomers 4a and 4b in line with the space group Cc (Fig. 3) . The alignment of 4 in the crystal resembles that of 3 after rearranging the crystal axes, and the geometric data do not depend strongly on the substitution. Likewise, the conformation of 4 is similar to that of 3. There is a distortion of the double chair due to the olefinic carbon atoms which entail small dihedral an- (Table 1) .
The tribromo derivative 5 has been established by elemental analysis as well as by mass spectrometry and NMR spectroscopy. In particular, the three-bond proton coupling constants of H4 and H8 leave no doubt that the allylic bromo substituents are in exo position. All coupling patterns of the 1 H NMR spectrum are comparatively simple and prove to be helpful for the assignment of the corresponding spectra of compounds 3 and 4. Work aiming at metal-halogen exchange is now in progress. 
Experimental Section
All starting chemicals were commercially available except for endo, endo-2, 6-diiodo-9-oxabicyclo[3.3.1]nonane (2) which was synthesized from cis, cis-cyclooca-1, 5-diene [8] . The NMR spectra were recorded with Jeol Delta 400 (for solutions) and Bruker Avance 300 (for solid 3) spectrometers. The mass spectra were obtained through GC/MS coupling by using a Hewlett Packard 5890 Series II gas chromatograph equipped with a HP-1 capillary (crosslinked silicone gum, 12 m × 0.2 mm × 0.33 µm film) and a HP 5971 mass detector, temperature program SPLTL500.M; masses are given for 79 Br. Elemental analyses were carried out by the microanalytical laboratory of the Department Chemie at Garching.
9-Oxabicyclo[3.3.1]nona-2, 6-diene (3a/b):
A solution of 2 (40.5 g, 107 mmol) and KOH (43.6 g, 0.78 mol) in 270 ml of dry methanol was heated at 150 • C in a stainless steel autoclave. The HI elimination was monitored by integrating the 1 H NMR spectra. Thus, after 24 h the reaction mixture contained 2, the monoiodo derivative, and 3 in the ratio 21/27/52. The ratio shifted to 49/20/31 and 26/31/43 after two and three days, respectively, until the reaction was complete after four days. The autoclave was allowed to reach ambient temperature. To its content was added diethylether until a homogeneous phase was obtained, and the reaction mixture was worked up with water, a saturated solution of NH 4 Cl in water and brine. The organic layer was dried with MgSO 4 and the solvent was distilled off slowly by using a Vigreux column leaving behind brown crystals. Recrystallization from hexane Suitable crystals of 3a/b and 4a/b were grown by recrystallization from hexane and by slow evaporation of a saturated solution in CH 2 Cl 2 , respectively. Crystal data and details of the structure determination are summarized in Table 2. 3a/b: A crystal of suitable quality and size was mounted on the end of a quartz fiber in inert perfluoropolyalkylether and used for intensity data collection on a Nonius DIP2020 diffractometer, employing graphite-monochromated Mo-K α radiation (λ = 0.71073Å). Data reduction was done using the DENZO\SCALEPACK [19] suite of programs. The structure was solved by direct methods and refined with full-matrix least-squares calculations on F 2 using the SHELXS-97 [20] and SHELXL-97 [20] programs. Thermal motion was treated anisotropically for all non-hydrogen atoms. All hydrogen atoms were calculated in ideal positions and refined after a riding model. A summary of the crystallographic data and structure refinement is given in Table 2 . 4a/b: A single crystal of the compound was mounted on a Bruker-Nonius KappaCCD diffractometer. Orientation matrix and lattice parameters were obtained by leastsquares refinement of the reflections obtained by a θ -χ scan (Dirax/lsq method). Diffraction data were collected employing graphite-monochromated Mo-K α radiation (λ = 0.71073Å). All calculations for data reduction, structure solution, and refinement were done by standard procedures (WINGX) [21] . The structure was solved by direct methods and refined with full-matrix least-squares technique on F 2 using the SHELXS-97 [20] and SHELXL-97 [20] programs. The hydrogen atoms were positioned from and refined with isotropic temperature factors. The final geometrical calculations were carried out with PARST97 [22] program. A summary of the crystallographic data and structure refinement is given in Table 2 . -CCDC reference numbers 279270 (3a/b), 286021 (4a/b).
